Methylated DNA immunoprecipitation sequencing (MeDIP-Seq) is a widely used approach to study DNA methylation genome-wide. Here, we developed a MeDIP-Seq protocol compatible with the Ion Torrent semiconductor-based sequencing platform that is low cost, rapid, and scalable. We applied this protocol to demonstrate MeDIP-Seq on the Ion Torrent platform provides adequate coverage of CpG cytosines, the methylation states of which we validated at single-base resolution on the Infinium HumanMethylation450 BeadChip array, and accurately identifies sites of differential DNA methylation. Furthermore, we applied an integrative approach to further investigate and confirm the role of DNA methylation in alternative splicing and to profile 5mC and 5hmC variants of DNA methylation in normal human brain tissue that is localized over distinct genomic regions. These applications of MeDIP-Seq on the Ion Torrent platform have broad utility and add to the current methodologies for profiling genome-wide DNA methylation states in normal and disease conditions.
Introduction
Epigenetic mechanisms involve DNA methylation and posttranslational modifications of histones that operate at the level of chromatin. Collectively, these modifications comprise an epigenome and regulate multiple cellular processes that, if perturbed, associate with various diseases (reviewed in 1, 2 ). Advances in DNA sequencing technologies have enhanced our understanding of the functional roles of epigenetic modifications in fundamental cellular processes, including DNA repair and replication, nucleosome assembly, gene transcription, and pre-mRNA splicing. [3] [4] [5] [6] [7] [8] For studying DNA modifications, a variety of strategies have been developed that provide extensive characterization of the genome-wide distribution of DNA methylation states at nucleosomal to single-nucleotide resolution, enabling more detailed analyses of its local activity at specific regions throughout the genome. [9] [10] [11] [12] [13] [14] Among the strategies developed for assessing DNA methylation states, [15] [16] [17] [18] [19] [20] methylated DNA immunoprecipitation followed by sequencing (MeDIP-Seq) offers a method of distinguishing between distinct DNA modifications [i.e., 5-methylcytosine (5mC) vs. 5-hydroxymethylcytosine (5hmC)] and provides sufficient coverage of CpG methylation states in the genome. 21, 22 To date, MeDIP-Seq has exclusively been run using optical-based sequencers. 23 Optical-based sequencers offer the advantage of the highest data throughput per run; however, possible disadvantages include high start up cost to purchase the instrument and long run times to acquire sequencing data. An alternative high-throughput sequencing approach, semiconductor-based sequencing using the Ion Torrent platform 24 (Life Technologies, Carlsbad, CA) offers comparable sequencing data at quicker run speeds and lower cost relative to optical-based sequencers. [25] [26] [27] The Ion Torrent platform exploits the sequencing-by-synthesis approach via measuring hydrogen ions released upon incorporation of nucleotides. 24 This platform has produced high quality sequencing data for a variety of applications genomewide 24, [28] [29] [30] [31] [32] ; however, has yet to be applied to studies evaluating genome-wide DNA methylation states.
Here, we developed and optimized a MeDIP-Seq protocol compatible with the Ion Torrent semiconductor sequencing technology. To validate our protocol, we profiled and compared DNA methylation between DNMT-proficient "wild-type" (WT) HCT116 and genetic (DKO) cells with disruption of DNMT1 and DNMT3b and compared the performance of our MeDIPSeq data to Illumina bead array technology. Next, to demonstrate the application of genome-wide DNA methylation datasets generated using the Ion Torrent platform, we integrated MeDIP-Seq data with RNA-Seq data to evaluate the association of DNA methylation and alternative splicing. Finally, we showed the utility of this protocol in distinguishing between specific types of DNA methylation (e.g., 5-methylcytosine vs. 5-hydroxymethylcytosine variants) in postmortem brain tissue specimens.
Results

Developing a MeDIP-Seq protocol for the Ion Torrent sequencing platform
Based on a MeDIP protocol we previously applied on an Illumina optical-based sequencer, 8 we developed a MeDIP-Seq protocol compatible with the Ion Torrent platform. Figure 1 illustrates the 3-day workflow of this Ion Torrent-compatible MeDIP-Seq protocol. First, 1 mg of DNA was sonicated using a focused-ultrasonicator instrument (Covaris) under conditions yielding a mean fragment size of 300 bp, ideal for sequencing 200 bp length fragments with the Ion Torrent platform (Fig. 1a) . Second, we determined our Ion Torrent MeDIP-Seq protocol required that adapters be ligated to sonicated DNA prior to the immunoprecipitation reaction (Fig. 1b) . Similar to a protocol developed for low input DNA concentrations, 33 this particular order was critical in this MeDIP-Seq protocol to allow for adapter ligation on double-stranded DNA as the conditions used in the immunoprecipitation step cause the DNA to become single-stranded. After the adapter ligation reaction, we immunoprecipitated methylated DNA using a previously validated magnetic capture-based MeDIP kit (Diagenode; cat. no. mc-magme-A10) that included an antibody with high affinity and specificity for 5-methylcytosine. We confirmed the efficiency of the immunoprecipitation reaction using quantitative PCR (qPCR) targeted to methylated or unmethylated control DNA fragments, which had been spiked in with the adapter-ligated DNA sample prior to immunoprecipitation. The enrichment of methylated DNA using this approach was highly efficient, as indicated by our qPCR results measuring »80% recovery of methylated but not unmethylated DNA (Fig. 1c) . Following immunoprecipitation of Ion Torrent adapter-ligated DNA, we size-selected unamplified libraries from 200 -400 bp (Fig. 1d) , restored strandedness upon amplifying libraries by PCR performed under standard conditions (Fig. 1e) , size-selected PCR-amplified libraries (Fig. 1f) , and assessed the quality and quantity of each library on a Bioanalyzer instrument (Agilent) prior to sequencing. This analysis revealed that each library consisted of DNA fragments with an average length of 280 bp (Fig. 1g) . We then templated these fragments on Ion Sphere Particles (ISPs) using the Ion (Fig. 1h) . We assessed the quality of the MeDIP-Seq library-bound ISPs using an optional Qubit assay (Life Technologies; cat. no. 4468656), which typically exhibited 20-32.5% templated ISPs (not shown). This fell within the acceptable manufacturer recommended range for sequencing. MeDIP-Seq library-bound ISPs were then loaded onto Ion Torrent semiconductor sequencing chips and sequenced on an Ion Torrent instrument (Fig. 1i ). Acquired sequencing data was then processed, assessed for quality, and aligned to a reference genome on an Ion Torrent server using Torrent Server Suite v4.0 (Fig. 1j) .
Semiconductor-based MeDIP-Seq yields reliable and scalable coverage of CpG methylation Genome-wide DNA methylation patterns are established and maintained by DNA methyltransferases (DNMTs). 34 Genetic disruption of DNMT1 and DNMT3b in the HCT116 colon cancer cell line (DKO) attenuates methyltransferase activity, causing significant reduction of DNA methylation throughout the genome relative to that of the DNMT-proficient "wild-type" (WT) HCT116 cells from which DKO was derived. 35 We observed a significant »2.8-fold reduction of total 5mC content, as measured as percent methylation, in genomic DNA from DKO compared to WT cells (WT mean D 3.2%, DKO mean D 1.16%; P D 0.03) using an enzyme-linked immunosorbent assay, ELISA (Fig. 2a) . This estimate of bulk DNA methylation as a percentage of the genome in HCT116-WT cells is consistent with estimates previously reported. 36, 37 To evaluate the sensitivity of our MeDIP-Seq protocol in detecting local differences in DNA methylation throughout the genome, we generated and compared the genome-wide DNA methylation profiles of HCT116-WT and HCT116-DKO cells. We obtained a total of 58.85 and 55.46 million reads mapped to the human genome (hg19 assembly) from MeDIP-Seq libraries of WT and DKO cells, respectively (Supplementary Table 1 ). Analysis of this MeDIP-Seq data by the Model-based Analysis for ChIP-Seq (MACS) peak finding software, 38 revealed a total of 166,351 MeDIP-Seq peaks (interpreted as loci enriched for DNA methylation) in WT cells, while 84,404 peaks were identified in DKO cells (Fig. 2b) . This approximately 2-fold lower number of peaks observed in the DKO MeDIP-Seq library compared to WT is consistent with the global loss of 5mC content we confirmed by ELISA (Fig. 2a) . Since the primary target of DNA methylation occurs at CpGs, we next assessed the coverage of CpGs from the MeDIP-Seq methylation profiles using the sequence pattern coverage analysis tool in the MEDIPS R package. 39 This analysis revealed that »84.4% of the 28,217,448 total estimated CpGs in the human genome are represented with a coverage of at least 1X in the MeDIP-Seq data from WT cells, while »77.1% are represented in the MeDIP-Seq data from DKO cells (Fig. 2c) . The lower total number of CpGs represented in the MeDIP-Seq data from DKO cells compared to that of WT cells reflects the reduced methylation in DKO. Additionally, the MeDIP-Seq data generated from WT and DKO cells exhibited sufficient coverage of CpGs (more than 5X) in relation to the genome (37.23% WT, 27.45% DKO; Fig. 2c) . Importantly, the GC content and normalized CpG density of sequenced, non-redundant mapped reads in the WT and DKO MeDIP-Seq libraries were equivalent ( Supplementary Fig. 1 ). This analysis suggest that the differences observed between the MeDIP-Seq libraries are likely a result of the biological differences in the methylation levels between HCT116-WT and -DKO cells, and not due to sequencing and/or enrichment bias.
The MeDIP-Seq data for HCT116-WT and -DKO cells were generated using the Ion Proton instrument, which uses higher sequencing capacity semiconductor chips (up to 10 Gb DNA) compared to Ion Personal Genome Machine (PGM) chips (up to 1 Gb DNA). To test the scalability of our MeDIPSeq protocol on the Ion Torrent platform, we compared the results of identical MeDIP libraries for WT and DKO samples sequenced on the PGM instrument with 318 chips to that sequenced on the Ion Proton instrument with P1 chips. We obtained »4.5 million non-redundant mapped reads (of »170 bp average length) on the PGM using 318 chips and »57.0 million non-redundant mapped reads (of »115 bp average length) on the Ion Proton instrument using P1 chips, resulting in expected differences of genome coverage ( Fig. 2c and d ; Supplementary Table 1) . This is consistent with the advertised »10-fold difference in sequencing capacity between the 318 and P1 chips (Life Technologies). Interestingly, while the coverage obtained on the PGM was less than that produced by the Proton (Fig. 2c and d) , the MeDIP-Seq library sequenced on the PGM was able to detect regions of the genome enriched for methylation as observed from the MeDIP-Seq library sequenced on the Proton. As an example, we found similar MeDIP-Seq profiles over the MX1 locus produced by the Proton and PGM (Fig. 2e) . These results indicate that the PGM sequencer produces adequate coverage to detect highly enriched regions of methylation and suggest that the Ion Torrent-compatible MeDIP-Seq protocol is scalable simply by using semiconductor chips of varying sequencing capacity suitable to individual experimental needs. These needs may range from testing the quality of MeDIP-Seq libraries or examining methylation in small genomes on low capacity chips to multiplexing samples or examining methylation in large genomes on high capacity chips.
Semiconductor-based MeDIP-Seq reveals expected genome-wide DNA methylation differences between DNMT-proficient and -deficient cells
To visualize normalized enrichment patterns at defined genomic regions of interest, we used the ngs.plot tool 40 and compared the MeDIP-Seq inferred genome-wide distribution of DNA methylation from HCT116-WT and -DKO libraries. Consistent with prior observations of the distribution of DNA methylation over genes, 8, 41, 42 we observed depletion of methylation at transcription start sites (TSS) and CpG islands along with enrichment over gene bodies and exons from the MeDIP-Seq profiles of WT and DKO cells (Fig. 3) . Although the methylation patterns were similar, we observed significantly lower levels of methylation at TSS and gene bodies in DKO compared to WT cells (highlighted in Fig. 3a and b) . In contrast, we observed similar levels of DNA methylation at CpG islands and over all annotated exons in WT and DKO cells ( Fig. 3c and d) . Interestingly, compared to that of WT cells, we observed reduced levels of DNA methylation in DKO cells at CpG island "shores" 43 (highlighted in Fig. 3c ) and at exon-intron boundaries (highlighted in Fig. 3d) .
To evaluate the sensitivity of our MeDIP-Seq protocol in detecting differentially methylated loci, we compared the MeDIP-Seq enrichment at promoter regions of 4 cancer-relevant genes (RASGRF2, SCNN1B, HOXD1, BHLB9) previously shown to exhibit significant differential DNA methylation between WT and DKO cells as measured by the gold standard bisulfite-PCR sequencing approach. 44 We observed differential methylation measured by MeDIP-Seq over the promoter regions of all 4 cancer-relevant genes and confirmed the loss of local DNA methylation in DKO compared to WT cells ( Supplementary Fig. 2 ). In addition to confirming these known differentially methylated genes, we sought to identify other similarly differentially methylated loci using our MeDIP-Seq data set. We found several additional loci that exhibited extensive loss of DNA methylation in DKO compared to WT cells. Examples include the promoter regions of the PAX6 and MEIS1 genes (Supplementary Fig. 3a and b). Using the Infinium HumanMethylation450 Beadchip array (Illumina), we confirmed the differential methylation states between WT and DKO cells at the promoter regions of these genes (Supplementary Fig. 3a and b). To gain insight into the consequence of the local loss of methylation at these gene promoters, we analyzed the expression of PAX6 and MEIS1 by qPCR. Consistent with the role of DNA methylation at gene promoters in mediating transcriptional silencing, 45, 46 we observed a significant increase in the expression of PAX6 and MEIS1 in DKO relative to that of WT cells (Supplementary Fig.  3c and d). Taken together, these analyses indicate that our Ion Torrent-compatible MeDIP-Seq protocol produced biologically meaningful data, where differential methylation interpreted using this approach is consistent with previous studies and revealed additional DNA methylation-regulated loci.
Array-based analysis independently validates differential methylation inferred by semiconductor-based MeDIP-Seq data
While MeDIP-Seq offers several advantages over other techniques, a major limitation is that this approach does not provide quantifiable methylation data at single-nucleotide resolution. 12 Therefore, we sought to confirm the methylation differences detected by MeDIP-Seq between WT and DKO cells by integrating this data with that derived from the Infinium HumanMethylation450 Beadchip array (Illumina). This technology, referred to here as the 450K array, quantitatively measures DNA methylation at over 450,000 single CpG cytosines in the human genome, 47 which we applied to HCT116-WT and -DKO cells. Briefly, genomic DNA from these cells was treated with sodium bisulfite (Bis-DNA), hybridized on a Beadchip containing methylated and unmethylated oligos complementary to target Bis-DNA, and imaged to obtain raw intensity values for probes each containing a CpG. Upon processing the data using a standard approach provided by the RnBeads R pipeline package 48 and normalizing the resulting b-values obtained for each probe (equivalent to percent CpG methylation), we then stratified the methylation states of all 477,124 quality filtered probes, each representing that of a CpG cytosine, into categories of low (0-29%), intermediate (30-59%) , and high (60-100%) levels of methylation (Fig. 4a) . In HCT116-WT cells, we observed a bimodal distribution of CpG methylation; of the total CpG cytosines represented on the 450K array, most stratified into the low or high levels of methylation category (28.9% and 63.8%, respectively), whereas only 7.2% exhibited intermediate levels of methylation. In contrast, HCT116-DKO cells displayed a skewed distribution of CpG methylation, where the majority of CpGs on the array (77.7%) exhibited low or intermediate levels of methylation and only 22.3% of CpGs exhibited high levels of methylation (Fig. 4a) . We used the Genomic Regions Enrichment of Annotations Tool (GREAT) 49 to analyze the over 100,000 CpGs that were more than 50% different between HCT116-WT and -DKO cells and interestingly found that the top GO molecular function terms were related to methyltransferase activity (data not shown). Together, these results provide additional confirmation of the decreased levels of DNA methylation in DKO compared to WT cells, and are consistent with prior data. 47, 50 To confirm differential DNA methylation identified by the MeDIP-Seq protocol, we next integrated the qualitative methylation enrichment data derived from the MeDIP-Seq with the quantitative CpG methylation data obtained from the 450K array using the BEDTools v2.18 analysis toolset. 51 We identified regions of significant methylation enrichment (peaks) from the WT and DKO MeDIP-Seq datasets and evaluated the CpG composition of sequences underlying these peaks. Of the sequences comprising 166,351 peaks identified in WT cells, we calculated 928,879 CpGs, which was 2.2-fold more than the number of CpGs underlying the 84,404 MeDIP-Seq peaks we identified in HCT116-DKO cells (416,157 CpGs). To determine the percentage of CpGs covered in the MeDIP-Seq data set that were also covered by the 450K array, we generated a BED file containing the genomic positions of CpG sites covered on the Infinium 450K array from an annotation file (Illumina). This analysis revealed that 2.05% of the 928,879 CpGs represented within the MeDIP-Seq peaks identified in HCT116-WT were also represented on the 450K array (Fig. 4b) . Next, we evaluated the distribution of methylation for each of the 19,042 CpGs overlapping both MeDIP-Seq and 450K array platforms. From this analysis, we observed that the majority of the overlapping CpGs were highly methylated (mean D 85.18% methylation), indicating that the MeDIP-Seq protocol had captured primarily methylated DNA fragments as anticipated (Fig. 4c) . To determine the extent to which the methylation levels of these overlapping CpGs may have been altered in cells with compromised DNMT activity, we examined the level and distribution of methylation for each of these overlapping CpGs in the HCT116-DKO 450K array dataset. Relative to WT, we found that the majority of these 19,042 CpGs were demethylated in DKO (mean D 48.05% methylation), where there were fewer CpGs that exhibited high levels of methylation but a larger number of CpGs that exhibited intermediate to low levels of methylation (Fig. 4d) . Results of this analysis indicate that the qualitative differences in DNA methylation levels between WT and DKO cells observed by the Ion Torrentcompatible MeDIP-Seq data are congruent with independent quantitative measurements of methylation at single CpG cytosines.
To further validate that our MeDIP-Seq protocol could detect differences in DNA methylation, we examined MeDIP-Seq profiles over the imprinted control region (ICR) of the SNRPN gene that we previously reported to exhibit differential methylation between HCT116-WT and -DKO cells. 7 Our MeDIP-Seq results showed a substantial reduction of methylation in DKO cells compared to that in WT cells at the SNRPN ICR, also a promoter region of SNURF (Fig. 4e) . Using the 450K array, we confirmed that the ICR of SNRPN was differentially methylated between WT and DKO cells, where all 6 individual CpGs captured on the array within the ICR were substantially demethylated in DKO cells compared to WT cells (Fig. 4e) . To further validate this differential methylation, we performed bisulfite-PCR sequencing that surveyed the methylation state of 7 additional CpGs underlying the SNRPN ICR in addition to overlapping with one CpG represented on the 450K array. Similar to results from the 450K array, we observed that each CpG cytosine (with the exception of one that was unmethylated) over this region exhibited a frequency of »40-50% methylation, whereas none of the CpGs were methylated in DKO cells (Fig. 4e) . Consistent with our previous observations, 7 we hypothesized that the reduced levels of DNA methylation at the promoter region of SNURF in DKO cells would be associated with increased expression of the gene. Indeed, we observed significantly higher levels of SNURF expression in DKO compared to WT cells (Fig. 4f) . This increased expression correlated with the substantial reduction of methylation over the promoter of SNURF in DKO relative to WT cells ( Fig. 4g ) and is consistent with results of PAX6 and MEIS1 (Supplementary Fig. 3 ).
Semiconductor-based MeDIP-Seq data infers a role for DNA methylation in alternative splicing
We previously described a role for DNA methylation in alternative pre-mRNA splicing and exon definition by integrating whole genome bisulfite sequencing results with RNA-Seq data we generated for IMR90 cells. 7 Here, we sought to determine whether MeDIP-Seq data of HCT116-WT and -DKO cells could be used to study the association of DNA methylation in alternative splicing. To do this, we first utilized the Mixture-ofIsoforms (MISO) software 52 to analyze our previously published RNA-Seq results sequenced on the HiSeq platform (Illumina) for HCT116-WT and -DKO cells. 7 From this approach, we identified 738 known alternatively spliced exons (ASEs) that were aberrantly spliced in DKO relative to WT cells. Of these 738 ASEs, 461 were aberrant exon inclusion events, whereas the remaining 277 were aberrant exon exclusion events (Fig. 5a) . Using our MeDIP-Seq data of WT and DKO cells, we examined the distribution of 5mC methylation over these aberrantly spliced exons as well as their flanking 5 0 and 3 0 constitutively spliced exon neighbors. Consistent with our previously reported results for IMR90 cells 7 we observed higher levels of DNA methylation precisely over the ASE and flanking constitutively spliced exons than over intronic sequence in HCT116-WT cells (Fig. 5a) . Importantly, we observed a significant difference in the level of DNA methylation specifically over the aberrantly spliced ASEs between WT and DKO cells, a difference more robust than that observed over their surrounding constitutively spliced exon neighbors (Fig. 5a) . These results confirm that loss of local DNA methylation in DKO cells at the ASE associates with the aberrant splicing events observed in these DNA methylation-deficient cells. As an example of this relationship, we evaluated the methylation state at the ASE of the FAM204A gene that we previously identified to be aberrantly excluded in DKO cells relative to WT. 7 We had also described that the reduced binding of the methyl-CpG binding protein 2 (MeCP2) at the exon was associated with increased local histone acetylation states and exon exclusion of the FAM204A ASE. 7 This led us to hypothesize that local loss of DNA methylation at the ASE in DKO cells was responsible for the reduction of MeCP2 binding and thereby aberrant exon exclusion. To test this hypothesis, we compared the MeDIP-Seq profiles of HCT116-WT and -DKO cells over the ASE of FAM204A, which we confirmed was significantly excluded in DKO cells compared to WT cells (Fig. 5b) . We observed a total of 230 total reads that overlapped exon-exon junctions over the ASE in HCT116-WT cells, while we detected only 66 total junction reads in DKO cells (Fig. 5b) . In agreement, the average percent exon inclusion value (Psi), which accounts for gene expression levels, calculated using the MISO software 52 based on RNA-Seq data for FAM204A was significantly higher in WT than in DKO cells (0.82 and 0.49, respectively; Fig. 5b ). Consistent with our previous analysis, 7 these results reproducibly confirmed the aberrant levels of exon exclusion of the FAM204A ASE in DKO vs. WT cells. To determine whether alterations of the local DNA methylation states may be related to this aberrant exon exclusion event, we then examined the MeDIP-Seq methylation profile over the ASE in HCT116-WT and -DKO cells. Our results showed that methylation was enriched over the ASE in WT cells but was severely depleted over the ASE in DKO cells (highlighted in Fig. 5c ). Relative to WT cells, the depletion of methylation in DKO cells occurred precisely at the ASE where a comparatively lower level expression of the exon measured by RNASeq was qualitatively apparent (Fig. 5c) . These results are consistent with our prior observations 7 that the loss of methylation over the ASE in DKO cells is associated with the aberrant exclusion events of FAM204A. The local loss of DNA methylation over the FAM204 ASE linked to aberrant exon exclusion supports a suggested role for DNA methylation in exon inclusion/exclusion. 53 To independently corroborate the association between local methylation changes and altered pre-mRNA splicing events, we compared the methylation levels of all CpGs on the 450K array that overlapped with 738 aberrantly spliced ASEs determined by MISO analysis of RNA-Seq data from HCT116-WT and -DKO cells. This analysis identified 138 CpGs on the 450K array that fell precisely within aberrantly spliced ASEs. We found that these CpGs in WT cells were generally methylated (mean D 51.9% methylation) but become significantly demethylated (mean D 25.2% methylation) in DKO cells ( Supplementary  Fig. 4) . The results showing differences in the level of DNA methylation observed in a subset of aberrantly spliced ASEs for which 450K array data was available is surprising given the limited number of 450K array probes overlapping ASEs. Together, these results show the utility of MeDIP-Seq on the Ion Torrent platform in robustly detecting DNA methylation patterns at intragenic regions of the genome with implications to its functional role similar to that inferred by DNA methylation data at single-nucleotide resolution.
Semiconductor-based MeDIP-Seq reveals distinct genome-scale distribution of DNA methylation variants in normal human brain A major advantage of MeDIP-Seq is the ability to distinguish between different variants of DNA methylation by targeting a specific modification [e.g., 5-methylcytosine vs. 5-hydroxymethylcytosine variants] during immunoprecipitation. Although 5mC is the most abundant variant of DNA methylation, emerging studies have reported on the biological significance of the 5hmC variant of methylation. [54] [55] [56] [57] Therefore, we sought to apply our Ion Torrent-compatible MeDIP-Seq protocol to determine whether this approach can distinguish between 5mC and 5hmC modifications. We chose to study these variant DNA modifications in a postmortem human brain tissue sample as recent studies indicate that brain DNA harbors substantial global levels of 5hmC, albeit lower than that of 5mC. 58, 59 We used a slightly modified protocol as was applied for 5mC MeDIP-Seq on HCT116 cells that included substituting the 5mC antibody in the immunoprecipitation step with an antibody specific to 5hmC (Diagenode). We first tested the 5hmC antibody specificity by qPCR after immunoprecipitation and found that the recovery of known 5hmC DNA relative to that of known 5mC DNA was »19-fold higher (P < 10 ¡5 , 2-sided Student's t-test; Supplementary Fig. 5a ). We then generated and compared MeDIP-Seq libraries using either antibody with DNA of the same brain tissue sample. Sequenced on Ion Proton P1 chips, the total number of mapped reads from 5mC and 5hmC MeDIP-Seq data was similar (Supplementary Table 1 ) and the sequencing depth measured in relation to total genome CpG coverage between the 2 libraries were equivalent ( Supplementary  Fig. 5b ). Using an ELISA assay, we observed that the average 5mC level was significantly higher (5.5% methylation) than that of 5hmC (0.63% methylation) in the brain DNA sample, supporting previous reports of 5mC as the predominant variant of methylation 59 ( Fig. 6a) . Moreover, in agreement with a greater proportion of 5mC methylation compared to 5hmC, we identified »1.6-fold more 5mC peaks (142,341) than that of 5hmC (87,519) in the MeDIP-Seq libraries of brain using MACS after normalizing to IgG control libraries (Fig. 6b) . To determine the extent of overlap between 5mC and 5hmC peaks, we used the BEDTools software 51 and observed that 86.3% of the 87,519 total peaks identified in the 5hmC MeDIPSeq library rarely overlapped with regions covered by 5mC (data not shown). Similarly, we found that the number of CpGs covered by 5mC was higher (»5X) than that covered by 5hmC and were likewise mostly non-overlapping: peaks identified in 5mC and 5hmC MeDIP-Seq libraries covered a combined total of 2,341,052 CpGs with 79.74% unique to the 5mC library, 16.09% unique to the 5hmC library, and 4.16% in both libraries (Fig. 6c) .
Consistent with the notion that 5mC and 5hmC mark nonoverlapping regions of the brain genome, we analyzed the distribution of 5mC and 5hmC over genomic loci and observed that the 2 variant modifications exhibit distinct patterns (Fig. 6d-g ). For instance, although 5mC and 5hmC levels both appeared to be depleted precisely over annotated TSS relative to proximal surrounding regions, 5mC levels at TSS remained significantly higher than that of 5hmC (Fig. 6d) . Likewise, we observed that while both 5mC and 5hmC levels were higher over gene bodies compared to TSS, 5mC levels progressively increased from the 5 0 -3 0 direction along gene bodies and was significantly higher than that of 5hmC (Fig. 6e) . Surprisingly, while 5hmC levels remained relatively stable in gene bodies, we observed a slight increase precisely over transcription end sites (TES) concomitant with a decline in 5mC levels over that region (Fig. 6e) . This unusual pattern may suggest a novel role for 5hmC in TES recognition. Similar to TSS, 5mC levels were significantly higher than that of 5hmC over annotated CpG islands-a pattern likely due to the fact that >70% of gene promoters harbor CpG islands. 46 Lastly, we observed enrichment of 5mC precisely over annotated exons compared to surrounding introns, which was significantly higher than that of 5hmC (Fig. 6g) . Although we and others have previously observed the enrichment of DNA methylation over exons relative to introns, 7, 60 this novel data indicates that the 5mC variant likely accounts for this enrichment while the 5hmC variant may contribute to a much more limited degree. Together, these results reveal that 5mC and 5hmC variant methylation states are predominantly mutually exclusive, which may implicate their distinct functional roles in the genome.
Cross-platform comparison of 5mC brain MeDIP-Seq data shows comparable genome-wide and gene-specific methylation states MeDIP-Seq data has so far been exclusively generated from optical-based sequencing platforms. We therefore sought to determine how MeDIP-Seq data generated on a non-optical Ion Torrent sequencer (Ion Proton, Life Technologies) compares to that generated on an optical-based sequencing platform (GAIIx, Illumina). We re-evaluated our previously published Illumina MeDIP-Seq data of postmortem human brain tissue 8 alongside Ion Torrent MeDIP-Seq results described here from a different postmortem human brain tissue sample. In general, we observed that both Ion Torrent and Illumina MeDIP-Seq libraries were sequenced to a comparable depth with similar coverage in relation to the full human genome (1.8X and 1.3X, respectively; Supplementary Fig. 6a ). We also found that »51% of the total number of peaks identified from the Ion Torrent MeDIP-Seq data overlapped with that independently identified from the Illumina MeDIP-Seq data ( Supplementary Fig. 6a ). These results are possibly due to brain region differences in cell compositions, biological differences between the individual samples from which the MeDIP-Seq libraries were derived, and/or differing resolution of methylation peaks caused in part by different sequencing read lengths. Despite these differences, we observed that the general distribution of 5mC over genes was similar between the 2 MeDIP-Seq data sets ( Supplementary Fig. 6b ). Likewise, we observed that the methylation states inferred by both libraries at specific loci were in agreement. As examples, we show that the DNA methylation patterns over the ICRs of the imprinted genes SNURF and PEG10 derived from MeDIP-Seq using Illumina or Ion Torrent platforms were highly concordant ( Supplementary  Fig. 6c and d) . Although inter-individual and brain-region variability likely contribute to the differences we observed between the 2 MeDIP-Seq datasets, the genome-wide 5mC MeDIP-Seq data generated on the Ion Torrent platform yielded comparable genome-scale methylation patterns observed by MeDIP-Seq on the Illumina platform.
Discussion
Several technologies enable the evaluation of DNA methylation genome-wide, all of which vary widely in scalability, cost, and time. 13 Here, we described a novel application of the Ion Torrent sequencing platform that extends the use of the MeDIP-Seq approach for evaluating DNA methylation genome-wide. This application of the Ion Torrent platform offers an alternative to MeDIP-Seq on optical-based sequencing platforms, taking advantage of the multiple sequencing capacity options, lower operating and start up cost, and faster performance provided by semiconductor-based sequencing technology. Additionally, this protocol creates Ion Torrent MeDIP-Seq libraries that can be utilized with the Ion Torrent Ion Chef System, which offers automated template preparation and chip loading. We demonstrated a novel Ion Torrent MeDIP-Seq protocol that produced valid data comparable to that produced on a well-established optical-based sequencing platform. We also show that the data quality and CpG coverage sufficiently enables studies investigating the functional role of DNA methylation in the genome.
The application of this Ion Torrent-compatible MeDIP-Seq protocol in comparing DNA methylation states between HCT116-WT and -DKO cells lead to several insights. First, we showed that the MeDIP-Seq protocol accurately detected expected differences in DNA methylation between WT and DKO cells. These data support previous reports of significant loss of DNA methylation in DKO relative to WT cells. 35, 44 Second, we demonstrated that MeDIP-Seq provided sufficient resolution to identify differential methylation at specific loci. Relative to WT, we confirmed a loss of methylation in DKO cells over the imprinted SNRPN gene and identified novel regions of differential methylation associated with expression, including at the promoter regions of PAX6 and MEIS1. Further, we independently validated differential methylation of CpGs at these loci using the 450K array and targeted bisulfite-PCR sequencing. These data indicate that the differential methylation we observed underlie functional regions of the genome, the activities of which are likely regulated by DNA methylation. Finally, the integration of MeDIP-Seq, 450K array, and RNA-Seq data revealed that methylation was depleted over exons that we identified as aberrantly spliced between WT and DKO cells, supporting our previous results indicating that local DNA methylation states, in part, regulate exon recognition and splicing. 7 Our integrative approach suggests that MeDIP-Seq can be used as a complementary method to comprehensively and accurately profile DNA modifications genome-wide.
In addition to validating the first application of a MeDIP-Seq protocol on the Ion Torrent platform, we demonstrate its utility to distinguish between and profile the levels of 5mC and 5hmC DNA methylation variants in a normal human brain genome. Relative to 5mC, the 5hmC variant of DNA methylation is poorly understood, having recently been described in embryonic stem cells and brain tissue. 54, 57 Our MeDIP-Seq data from human brain reveal the mutual exclusivity of these DNA modifications and provides additional support for a role of 5hmC distinct from that of 5mC, including a previously unappreciated potential role at the TES of genes. Future studies that utilize 5hmC MeDIP-Seq as a cost-effective and rapid technique to assess differences between the brain from normal and disease conditions, such as Autism Spectrum Disorder, 61 Alzheimer disease, 62 or Schizophrenia, 63 may lead to further insight into the functional importance of 5hmC. Given the appropriate antibodies, this Ion Torrent MeDIP-Seq approach potentially offers a means to study the functional importance of other poorly understood DNA modification variants such as 5-formylcytosine and 5-carboxycytosine. 13 
Methods
Cultured cells and postmortem brain tissue specimens HCT116-WT and HCT116-DKO (DKO1 line) cells were generous gifts from Dr. Bert Vogelstein (Johns Hopkins University). Cells were cultured in McCoy's 5A medium with 10% FBS. Fresh frozen postmortem brain tissue DNA was gifted from Dr. Robert Blanchard (University of Hawaii) that had been obtained from an 8-year-old typically developing male donor (UMB1674) without a defined disorder from the NICHD Brain and Tissue Bank for Developmental Disorders (University of Maryland). The brain tissue specimen was dissected from the subventricular zone region of the lateral ventricles and contained portions of the head of the caudate and corpus callosum.
Genomic DNA isolation Genomic DNA (1 mg) was isolated from cultured cells and postmortem brain tissue using the AllPrep DNA/RNA kit (Qiagen) according to the manufacturer's recommendations for cells and tissues. DNA concentration was determined using the Qubit DNA Broad Range fluorescence assay (Life Technologies) and Qubit Instrument (Life Technologies).
Ion torrent MeDIP-Seq library construction
MeDIP-Seq libraries for Ion Torrent semiconductor sequencing on the Ion Torrent PGM or Ion Torrent Proton instruments were generated using a modified protocol consisting of Life Technologies' Ion Plus Fragment Library kit (Catalog # 4471252) in combination with a commercially available 5-methylcytosine (MagMeDIP Kit, Catalog # mc-magme-048) or 5-hydroxymethylcytosine (5hmC Kit, Catalog # AF-110-0016) immunoprecipitation kit (Diagenode). A nonspecific mouse IgG was used for an immunoprecipitation reaction as a negative control. For both 5mC and 5hmC MeDIP-Seq, 1 mg of DNA was sheared to a mean fragment size of 300 bp by sonication with the Covaris M220 Focused-ultrasonicator instrument (Covaris) in a 50 ml microTUBE AFA Fiber Screw-CAP (Covaris). Sonicated DNA was end-repaired, purified with Agencourt AMPure XP reagent beads (Beckman Coulter), and ligated with Ion Torrent compatible sequencing adapters following the standard Ion Plus Fragment Library Kit protocol. Adapter-ligated DNA was purified using Agencourt AMPure XP reagent beads and immunoprecipitated using either a 5-methylcytosine kit (MagMeDIP) or 5-hydroxymethylcytosine (hMeDIP) MeDIP kit according to the manufacturer's protocol. Following either 5mC or 5hmC MeDIP, libraries were size-selected from 200-400 bp on a 2% agarose E-gel (Invitrogen) and extracted using a MinElute Gel DNA extraction kit (Qiagen) according to the manufacturer's instructions. Libraries were then amplified at 18 cycles of PCR (95 C, 15 s; 58 C, 15 s; 70 C, 1 min), purified using MinElute columns (Qiagen), and eluted in 16 ml EB (Qiagen). Libraries were assessed for quality and concentration on an Agilent Bioanalyzer instrument. An aliquot of each library was used to assess enrichment efficiency for control methylated DNA and hydroxymethylated DNA compared to 10% input DNA. 
Ion Torrent sequencing
MeDIP-Seq analysis and visualization
Ion Torrent sequencing reads were quality-filtered and aligned to the human genome assembly hg19 using Torrent Suite Software's (v4.0) TMAP alignment software. Alignment files were processed into the BAM format and used for further analyses. The MEDIPS R package 39 was used to assess the proportion of genome-wide CpGs covered in each sample. MACS v.2.1.0 peak calling software 64 was used to identify peaks that contained significant enrichment of methylation. BedTools 51 (v2.18) was used to assess the proportion of CpGs contained in peaks identified by MACS and also to integrate 450K array and MeDIP-Seq data. The ngs.plot software program 40 was used to plot and compare the enrichment of methylation over annotated genomic regions (e.g., transcription start sites, gene bodies, CpG islands, and exons). Integrative Genomics Viewer (IGV) 65 was used to visualize MeDIP-Seq areas of enrichment at defined genomic positions.
Assessment of global DNA methylation levels Global 5mC or 5hmC levels in DNA from cells or tissue samples were assessed using a commercial ELISA based kit (Zymo Research). DNA (100 ng) for input samples and standard controls of known methylation were denatured at 98 C for 10 min and coated in triplicate reactions in a 96 well plate. Sample wells were incubated according to manufacturer's instructions with a primary anti-5-methylcytosine monoclonal antibody specific to 5mC or 5-hydroxymethylation followed by incubating with an HRP-conjugated secondary antibody (1:1000 dilution). Next, wells were rinsed, developed with a HRP Developer for 30 min, and the absorbance at 405 nm of each well was read on a VersaMax Microplate Reader (Molecular Devices). Percent 5mC or 5hmC methylation for each sample was calculated using a logarithmic second-order regression of the standard curve empirically determined from DNA standards of varying DNA methylation, the degree of which was known (Zymo Research).
Illumina 450K array-based DNA methylation analysis DNA (WT and DKO; 500 ng per sample) was bisulfite converted using the EZ DNA Methylation kit (Zymo Research) according to the manufacturer's instructions. Bisulfite-converted DNA (4 ml per sample) were randomly assigned to a chip well of the Infinium HumanMethylation450 BeadChip, amplified, hybridized onto the array, and imaged with the Illumina iScan SQ instrument to obtain raw image intensities. Array IDAT intensity data was preprocessed in R using the RnBeads 0.99.10 pipeline analysis package. 48 Methylation b-values ranging from 0-1 (corresponding to unmethylated to methylated signal intensity) for each sample were normalized using the methylumi package and subset-quantile within-array normalization (SWAN) method options. Data was filtered for missing probes, SNPenriched probes, and low detection P-value probes (detection P-value > 0.05). A total of 19,851 probes were removed after filtering.
Bisulfite sequencing
Genomic DNA was bisulfite converted using the EZ DNA methylation kit (Zymo Research) according to the manufacturer's instructions. Bisulfite converted DNA was amplified using PyroMark CpG assay primers (Hs_Cg18506672_01_PM PyroMark CpG assay) specific to the SNURF region. PCR products were cloned into the TOPO-TA cloning vector and used to transform competent E. coli (Invitrogen). Plasmid DNA was isolated from individually selected colonies and at least 10 clones per sample were sequenced using Sanger Sequencing on an ABI 3130XL Genetic analyzer. DNA methylation levels were determined from highly converted sequences (>95 %) using the BiQ Analyzer Software tool. 66 RNA extraction and gene expression analysis Total mRNA was isolated from HCT116-WT and -DKO cells using the AllPrep DNA/RNA kit (Qiagen), quantified on a Nanodrop-2000 instrument (Thermo Scientific), and evaluated for quality using RNA 6000 Nanochips read on a Bioanalyzer 2100 instrument (Agilent). High quality RNA (800 ng) was reverse transcribed into cDNA using random primers, oligo dT, RNAseOUT ribonuclease, and reverse transcriptase M-MLV (Invitrogen). Real-time qPCR reactions for MEIS1 (ABI, Catalog # Hs01017441_m1) and PAX6 (ABI, Catalog # Hs002-40871_m1) were performed in triplicates using 20X TaqMan gene expression assays (Life Technologies) and TaqMan Universal PCR Master Mix (Life Technologies) on a StepOnePlus instrument (Life Technologies) according to the manufacturer's recommendations. SNURF levels were measured using the SYBR Green PCR master mix (Applied Biosystems) with custom primers (5 0 -GGGATCGCTTACACCTGAGA-3 0 , forward; 5 0 -TGGCTTTAACCACCTTTGG-3 0 , reverse) and analyzed on a
StepOnePlus instrument after 28 cycles of PCR with a T m of 60 C according to manufacturer's instructions (Life Technologies). Gene expression was calculated as a percentage relative to ACTB (ABI, Catalog # HS99999903_m1) using the DC t method.
RNA-Seq and alternative splicing analysis
Previously published RNA-Seq data 7 for WT and DKO cells was mapped to the Hg19 assembly of the human genome using Tophat2. 67 Mapped BAM files for WT and DKO cells were used with Mixture of Isoforms (MISO) software v.0.5.2 52 to determine the number of alternative splicing events and significant splicing differences between WT and DKO cells. MISO software was also used to generate a Sashimi plot of RNA-Seq data, highlighting exon-exon junctions.
Statistical analysis
The Kolmogorov-Smirnov (KS) non-parametric test was used to statistically evaluate whether methylation distribution of reads for WT cells differed from DKO cells at genomic regions. A two-tailed unpaired Student's t-test was used to evaluate the significance of differences observed in global methylation, gene expression, and methylation data between WT and DKO cells.
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